We have evaluated the interindividual variability and lateral symmetry of a major cortical area by comparing the primary somatosensory cortex (Sl) of adult rats. Our choice of the rat was dictated by the accuracy with which one can measure Sl and its component representations in the rodent brain; the importance of such measurements lies in understanding the rules that govern the allocation of cortical space and, ultimately, the consequences of differential allocation for behavior. With respect to interindividual differences, the major somatic representations in Sl are surprisingly variable in size. The area of the whiskerpad representation, for example, ranged from 3.72 to 6.84 mm2 in a sample of 53 rats; other components of Sl showed comparable differences among animals. With respect to lateral symmetry, the average area of each major representation was similar for the right and left hemispheres; thus, we found no consistent bias in the size of Sl or its elements in the sample as a whole. Within individual animals, however, the sizes of the major somatic representations were often quite different in the two hemispheres.
The magnitude of the lateral differences averaged 7.9 t 0.8% (mean ? SEM) for the whisker pad representation, 11.6 + 1.3% for the upper lip, 15.4 2 1.6% for the furry buccal pad, 13.9 ? 1.4% for the lower jaw, and 13.3 2 1.2% for the forepaw. These results show that the amount of cortical space allocated to corresponding functions in individual rats-or in the two hemispheres of a particular rat-are often different. Such variations are likely to be reflected in somatosensory performance.
[Key words: barrels, Sl, cerebral asymmetry, cerebral cortex, primary somatic sensory cortex, rat] The overall size of the brain varies among individuals of a species. The weight of the normal human brain, for example, ranges over several hundred grams (Donaldson, 1895; Le Gros Clark, 1959; Altman and Dittmer, 1962; Cobb, 1965; Dekaban and Sadowsky, 1978) . Even the brain weight of an inbred laboratory animal like the rat shows much variability (e.g., Fig. 1 in Riddle et al., 1992) . Moreover, the two hemispheres of individual brains are not identical in size or organization (Corballis, 199 1; Hellige, 1993; Bradshaw and Rogers, 1993; Iaccino, 1993; Springer and Deutsch, 1993) . Understanding the behavioral implications of these differences among individuals-or between the hemispheres-has had a long and troubled history, particularly with respect to the controversial relationship of brain size and "intelligence" (reviewed in Gould, 1981; see also Purves et al., 1994) . This dilemma notwithstanding, some progress has been made in rationalizing the neurological substrate of particular behaviors. For example, lateralized functions such as human language and handedness have been associated with right/left asymmetries in regions of the hemispheres germane to these behaviors (see, for example, Geschwind and Levitsky, 1968; Wada et al., 1975; White et al., 1994) . Because of the difficulties involved in human studies, it would be useful to elucidate the allocation of neural space in an accessible animal model in which functionally distinct regions of the cerebral cortex are more precisely delineated, and in which developmental studies are feasible.
In both these regards, the rodent somatic sensory cortex (Sl) is particularly attractive. In the rat and mouse, Sl and its component parts can be recognized and measured using barrels and barrel-like structures as markers to define the primary somatotopic map. Moreover, in the 25 years since barrels were first described by Woolsey and Van der Loos (1970) , the rodent S 1 and its modular substructure has been studied extensively by researchers interested in how somatic sensory receptors are represented in the cortex (see, for example, Welker, 1971; Welker, 1976, Chapin and Lin, 1984) , and how cytoarchitectonic units develop (reviewed in Killackey et al., 1990; Woolsey, 1990) . While much has been learned about differences in barrel size and organization among species (see, for example, Woolsey et al., 1975; Rice et al., 1985; Van der Loos et al., 1986; Welker and Van der Loos, 1986; Weller, 1993) , relatively little attention has been paid to intraspecies variability, or to the lateral symmetry of this cortical region. Indeed, measured differences in the size of whiskerpad barrels and the posteromedial barrel subfield among small samples of individual animals (or between the two hemispheres) have generally been attributed to technical problems and dismissed (see Discussion). Because of the importance of understanding the relationship between cortical space and behavior, we have undertaken a detailed study of the normal variation of the dimensions of Sl in a large sample of rats. Our results show that rodents differ in the amount of cortical space allocated to corresponding functions, both among individuals and between the two hemispheres of a given animal.
Materials and Methods
A total of 53 adult male rats (approximately 15 weeks old, SpragueDawley strain) were examined. The animals were purchased from Harlan Sprague-Dawley, Indianapolis, IN, or Charles River, Raleigh, NC; the rats from one supplier did not differ significantly from those of the Figure 1 . Histochemical demonstration of primary somatosensory cortex in the rat, and definition of its component parts. A, Digitized image of a single SDH-stained tangential section of the primary somatosensory cortex of an adult (15 week old) rat. B, Complete Sl map in the same animal, reconstructed from eight sections. The barrels are shown in gray; the interbarrel areas (yellon)) and the total area of each somatic representation were defined using the centroids of the outermost barrels in each representations as in Riddle et al., 1992 . Patterns of mitochondrial enzyme staining are known to match the cytoarchitecture definition of barrels quite precisely in the rat (see, e.g., Fig. 7 in Riddle et al., 1992) . Scale bar, 2 mm.
other for any measure of S 1. Each animal was deeply anesthetized with sodium pentobarbital (250 mg/kg, i.p.) and perfused through the heart with saline followed by 10% glycerol. The brain was quickly removed and the cortical mantles dissected free from the underlying structures.
To incorporate the entire Sl map in as small a number of sections as possible (as well as to minimize variation arising from sectioning S 1 at different angles), the mantles from each brain were carefully flattened after placing them side by side between Teflon-coated glass slides held exactly 2 mm apart by spacers. While still compressed, the flattened cortices were rapidly frozen in 2-methylbutane cooled to -40°C. Serial tangential sections were cut in a cryostat at 50 km and thaw mounted on glass slides; the sections from both hemispheres of each brain were stained together for succinate dehydrogenase (Nachlas et al., 1957 ; reaction time = 45 min), the method that best reveals the barrels and barrel-like structures that delineate S 1 and its component parts ( Fig. IA ; Killackey and Belford, 1979; Dawson and Killackey, 1987; Wallace, 1987; Riddle et al., 1992) . Two-dimensional maps of the flattened somatosensory cortex were traced from the tangential sections at a final magnification of 28X using a camera lucida. The border of each barrel was traced from the section in which it was most sharply defined. An average of 8.1 2 1.3 (SD) sections were compiled for each complete map of S 1; radial blood vessels and barrels were used to align sequential sections. The fact that, on average, eight sections were compiled indicates that the cortex cannot be perfectly flattened. The average thickness of barrels in the radial dimension is approximately 270 pm in adult rats (Riddle et al., 1992) ; thus, only six to seven sections would need to be compiled if the entire map were compressed into exactly the same plane. Completed maps were digitized at a resolution of 5 12 X480 using a HP2C flat-bed scanner (Hewlett Packard, Corvallis, OR); image processing and analysis were carried out with IMAGE l/AT software (Universal Imagmg, West Chester, 1 Z ',.
Measurements and definitions. The primary somatosensory cortex of the rat comprises approximately 200 SDH-rich barrels and barrel-like structures (see Fig. 1A ). For convenience, we refer to these elements simply as barrels. Most of the barrels are grouped into six discrete somatic representations: the whisker pad (also called the posteromedial barrel subfield or PMBSF; Woolsey and Van der Loos, 1970) , the upper lip, the furry buccal pad, the lower jaw, the forepaw, and the hindpaw (Fig. 1B) . The hindpaw region was not included in this study because of its relatively poor definition in some adult animals (see Riddle et al., 1993) . For every hemisphere we calculated the total barrel area in each representation (i.e., the sum of the areas of the individual barrels), as well as the overall area of the representation (i.e., the sum of the barrel and interbarrel areas). This latter determination was made using the borders and centroids of the outermost barrels to define each representation (see Fig. 1B and Riddle et al., 1992) . Individual variation in the size of Sl and its component parts was assessed by the range of measured areas in the 53 animals we examined. Hemispheric variationthat is, lateral asymmetry-was assessed by (1) testing for a population bias, (2) examining lateral asymmetry in individual rats, and (3) testing the correlation pf the asymmetries observed among the five representations in each of the 53 animals studied. To test for a population bias, we compared the average area of each region in the left hemispheres of the 53 rats to the average area in the right hemispheres. To evaluate lateral asymmetry within individuals, we plotted the area of each region in the left hemisphere against the area of the corresponding region in the right hemisphere; we also determined the percentage difference between the areas of the corresponding regions in right and left hemispheres, calculated as (right -left)/((right + left)/2} X 100. Using the percentage difference facilitated comparison among different animals (and representations), since this parameter normalizes differences in brain size (and differences in the iize of the various representations within S 1). Finally, to evaluate whether regional asymmetries were similar for the major representations in a given animal, we determined the degree of correlation of the asymmetries (measured as percentage differences) in the five somatic representations by calculating correlation coefficients.
Estimation of experimentul error. The ability to reliably measure interindividual and lateral differences in the size of Sl and its components depends upon the consistency of several methodological factors, including tissue processing, sectioning angle, recognition of barrels, and tracing of barrel borders. Differences in the degree of flattening (or in the angle of sectioning) would artificially increase variability and apparent lateral differences (see Woolsey and Van der Loos, 1970; Welker and Woolsey, 1974) . To address this issue, we evaluated whether the measured sizes of the representations in St were related to the number of sections required to make a complete map (an indication of the degree of flattening and angle of section; see above). The size of the Sl representations was not related to the number of sections compiled (eight on average; see above) for each completed map (r = -0.17, p > 0.05 by Spearman rank correlation). We also determined whether, in each animal, the measured asymmetries between the hemispheres were similar for each of the representations in Sl. They were not (see Results) . One would expect all regions of Sl to be similarly affected by differences in flattening or angle of section. Finally, to test our ability to reproducibly identify, draw, and measure barrels and the major Sl representations, the sections from a subset of 12 hemispheres (from eight rats) were coded, drawn and measured in the usual manner; we then recoded the slides and drew and measured them a second time. The average percentage differences between the first and second measurements for the total barrel area in each representation ranged from 1% for the PMBSF to 7% for the smaller representations of the furry buccal pad and lower jaw ( Table 1 ). The variation in the measurements of the overall area of each representation ranged from 1% for the PMBSF to 5% for the furry buccal pad and lower jaw.
Results

Individual variation of SI and its components
Brain weights of the 53 rats used in the study ranged from 1537 to 2079 mg (mean ? SD = 1799 ? 19). The combined area of the five major representations in S 1 in 106 hemispheres (53 animals) ranged from 9.37 to 16.30 mm2. Measures of the individual representations also showed substantial variability, with a greater than twofold range of values (Fig. 2 ). These differences in the size of Sl and its component parts were not simply the result of variation in overall brain size. Thus, individual values of brain weight were not correlated with the area of any of the representations within S 1 (Y values ranged from 0.03 to 0.15 for the five representation), although the area of the combined representations was weakly correlated with brain weight (r = 0.35, p < 0.05, Spearman rank correlation), as might be expected. To more fully evaluate the degree to which variability in brain size might account for the differences in the size of S 1, we divided the 53 rats into six groups based on brain weight, and reexamined the range of Sl sizes. The range of brain weights for each group was less than 100 mg, and the maximum values were no more than 5% greater than the minimum values. Nonetheless, we still found much variation in the size of Sl within each of the six groups: the maximum value within a group for the area of the Sl representations was, on average, 46% greater than the minimum value. In short, the area of Sl and its constituent parts varies substantially among normal adult rats, even after taking variations in body and brain size into account.
Hemispheric asymmetry of SZ and its components
Average values for the total barrel area and the overall area of the five major representations in the right hemisphere of the 53 rats examined were not significantly different from the average values in the left hemisphere (Table 2 ; p values determined by paired t tests ranged from 0.15 to 0.95). Thus, we found no evidence of a directional bias in the size of Sl or its component parts in the sample as a whole, a finding consistent with previous reports of average lateral symmetry of the barrel subfield in populations of mice and rats (Jeanmonod et al., 198 1; Tobet et al., 1993) . Despite the overall symmetry of Sl in the sample as a whole, individual animals showed clear lateral differences in the size of Sl and its elements (Figs. 3-7) . The asymmetry observed was typically much greater than the variability of repeated measurements of the same hemisphere (see Table 1 ). Thus, the total barrel area in each of the five major somatic representations could differ by 20% or more (Fig. 5) . The average magnitude of these right-left differences (Table 3) ranged from 8% for the PMBSF to 17% for the furry buccal pad. The average magnitude of the Z score for the differences between the right and left hemispheres (which also normalizes for the size of the representation) was 0.81 for the PMBSF, 0.72 for the lip, 0.78 for the furry buccal pad, 0.79 for the jaw, and 0.79 for the forepaw. In general, there appeared to be somewhat less asymmetry of the combined representations than of the individual representations (Table 3) . Finally, approximately equal numbers of animals (and representations) were biased to the left as to the right (see Fig.  5 ).
Lateral differences were equally apparent in the overall area of the five representations within SI (i.e., the area determined by including both barrel and interbarrel cortex; Fig. 6 ). The average magnitude of these right-left differences (Table 3) ranged from 8% for the PMBSF to 15% for the furry buccal pad. As in the case of the total barrel area, lateral differences in the overall size of the combined representations were somewhat smaller than those of the individual representations (Table 3) , and leftward and rightward biases were about equally common (Fig. 7) .
Independence of hemispheric asymmetry among the major SI representations Given that each somatic representation is often laterally asymmetrical, we asked whether the same hemisphere was favored for most or all of the representations in a given animal. Qualitative examination of the right-left differences for the individual representations in each animal (Figs. 5, 7) suggested this was not the case, as did the observation that the average magnitudes of the right-left differences for the individual representations were greater than that for the combined representations (Table  3) . Statistical analysis of the 10 possible correlations between the five major representations that we examined in S 1 confirmed that the asymmetry of one region was correlated only with that of the adjacent representation, as might be expected simply on the basis of proximity (Table 4) . Thus, the lateral asymmetry of a particular representation in an individual animal is independent of the asymmetry of most other representations, indicating that the asymmetries observed are not the result of global hemispheric differences.
Discussion
The evidence we report here shows that the rat brain, at least as judged by Sl and its component parts, varies greatly among individuals as well as from hemisphere to hemisphere in the same animal. To our knowledge, no major anatomical study of this sort has been carried out in the primary somatic sensory cortex of any species, despite the general importance of normative brain differences. Although we take it for granted that the range of normal human abilities varies greatly-and that the two hemispheres differ substantially in function-the structural bases for these functional variations are not known (see Purves et al., 1994) . In part, this deficit is due to the difficulty of visualizing and accurately measuring functional areas in complex, gyrencephalic brains. In the rat, however, Sl and its elements can be readily defined by several techniques, and measured with considerable accuracy (see Materials and Methods).
Barrels, particularly those of the PMBSF, have been analyzed extensively since Woolsey and Van der Loos first provided a detailed description of these structures in 1970. Several investigators have noted variation of the size of whisker barrels (or of the posteromedial barrel subfield itself) among individual animals, or between the two sides of a given brain. Whether these apparent differences are real or artifactual, however, has never been clearly determined; indeed such variations have generally been ascribed to methodological problems. Woolsey and Van der Loos (1970) reported differences in barrel size between two hemispheres (one hemisphere from each of two mice), but suggested the differences arose from variations in the plane of section. Later, Pasternak and Woolsey (1973) reported that the cross-sectional area of barrel Cl (and corrected neuronal counts therein) varied among 11 hemispheres from eight mice. They indicated that this variability was partially artifactual, and suggested that the issue be studied further. In the same paper, the authors noted that for two of three animals in which both sides of the brain were examined there appeared to be a better correlation of barrel size (and neuron number) between the two hemispheres of a given animal than among different animals. The third animal, in which the area of the Cl barrel in the two hemispheres differed by 27% (see Table 1 in Pasternak and Woolsey, 1973) , was not discussed. Welker and Woolsey (1974) reported a range of 2.43-2.82 mm* for the area of the PMBSF in a sample of four rats, but did not indicate whether they con- . Magnitude and direction of lateral asymmetry of the total barrel area for the major somatic representations in Sl Each set of five bars indicates the percentage difference (right minus left) in the barrel area of the five representations examined in the right and left hemispheres of a particular rat (N = 53 rats, divided into two plots for clarity). For most rats, the degree and direction of asymmetry varies among the representations (see also Table 2 ). For the group as a whole, however, there are approximately the same number of animals (and representations) biased to the right as to the left sidered this variation to be real or specious. (Note that these values derived from measurements of fixed tissue cannot be compared directly to our own measurements in freshly frozen material). More recently, Welker and Van der Loos (1986) argued that, in contrast to significant differences between strains of mice, there is little variation in barrel size among animals of a given strain (or, presumably, between the two hemispheres of a given mouse). However, their data on the average size of individual barrels in each strain showed standard deviations that were lo-15% of the mean barrel area (see Fig. 4 in Welker and Van der Loos, 1986) . Thus, despite some indications of variability and lateral asymmetry, the impression has been left that the size of barrels and the barrel field are under tight genetic control, and subject to little variation (see Welker and Van der Loos, 1986) . Our analysis of 53 adult rats shows interindividual variability similar to that suggested by these earlier studies. We also found obvious hemispheric asymmetry in the size of Sl and its component parts. In contrast to previous conclusions, however, our analysis indicates this variability in the size of the Sl and its components cannot be dismissed as artifactual. Several observations indicate that the variability in Sl size we describe is not the result of differential flattening or other differences in tissue processing. We have previously shown that the flattening procedure we used (which minimizes problems related to the angle of section) produces only a small increase in the surface area of the cortex (6.0 ? 1 .I% enlargement; see Riddle et al., 1992) . The increases in area due to flattening (and the range of increases observed) are too small by at least an order of magnitude to account for the variability in measured areas reported here. Furthermore, we found no correlation between the size of Sl or its components and the number of sections required to compile each map. Perhaps most importantly, the differences in size of the somatic representations within Sl vary in a largely independent manner (see Table 4 ); it is difficult to imagine how differential flattening or other technical flaws in tissue processing could produce this result. It is equally unlikely that the variability we describe is due to simple measurement error, since the range of right-left differences and interi'ndividual variability were much greater than the differences between sequential measurements of the same cortex.
Our conclusion that there are significant interindividual and hemispheric differences in the size of a major cortical region in the rat brain is consistent with studies of this issue in primates. Stensaas et al. (1974) reported a threefold range in the size of Vl in a sample of 52 human brains, and smaller, but sometimes dramatic, interhemispheric differences. Other studies have reported significant interindividual variation in the size of Vl and other visual areas in the brains of other primates (Van Essen et al., 1981 , 1984 Krubitzer and Kaas, 1990; Purves and LaMantia, 1993) .
The larger importance of these interindividual and hemispheric differences in the size of Sl and its components in mammals is their consequence for behavior. That the amount of neural circuitry associated with a behavior influences performance is perhaps obvious when one considers how the specialized abilities of particular species are realized in brain structure. Comparisons across species show that special behavioral talents are invariably based on commensurately sophisticated brain circuitry, which entails more neurons, more synapses, more supporting glial cells, and therefore the occupancy of more space in the brain. Among the examples that could be cited to make this point are the organization of the auditory cortex in echolocating bats (Suga and Jen, 1976; Suga and O'Neill, 1980; Suga et al., 198 1; Suga, 1984) , the disproportionately large representation of the hands in the human and raccoon sensorimotor cortex (Penfield and Boldrey, 1937; Penfield and Rasmussen, 1950; Woolsey, 1958; Johnson, 1980) and the large fraction of the somatosensory cortex in the star-nosed mole given over to the representation of the nasal appendages that provide a major source of mechanosensory information to this animal (Catania et al., 1993) . Not surprisingly, when a species shows a particularly well developed behavior, a disproportionate fraction of the animal's brain is allocated to that task.
The relationship between behavior and the allocation of neural space suggested by such phylogenetic examples may be equally pertinent to the neural basis of differential behavior among individual members of a species, or even the functional differences that exist in the two hemispheres of a particular brain. Recent studies have suggested that handedness, a straightforward model of preferred human behavior, is based on the asymmetrical elaboration of neural centers devoted to the representation of the favored limb (White et al., 1994 ; see also Purves et al., 1994a,b) . In subhuman primates, the hand region of the primary motor cortex of squirrel monkeys (determined electrophysiologically) is also larger and more complex in the hemisphere controlling the preferred hand (Nudo et al., 1992) . Since behaviors that are preferred or better executed are evidently based on proportionately more circuitry in the related neural centers, the differences in S 1 that we describe here should be reflected in somatosensory performance.
